The C peptide of proinsulin has since its discovery been considered to be without biological effect of its own [1] . In recent years it has been reported, however, that C peptide increases muscle blood flow, glucose and oxygen uptake of the exercising forearm, decreases urinary albumin excretion and improves autonomic nerve function in patients with Type I (insulin-dependent) diabetes mellitus [2±6]. Moreover, C peptide has been shown to stimulate Na + ,K + -ATPase activity in renal tubular cells [7] and to activate the nitric oxide (NO) synthase of endothelial cells [8] . The rat has two proinsulins and thus two C peptides that differ with regard to two amino acids in the middle segment of the molecule [9] . Rat C peptide I and II are equipotent in their ability to stimulate Na + ,K + -ATPase [7] . Studies on isolated muscle strips from Type I diabetic patients and healthy subjects have confirmed the effect of C peptide on glucose transport in vivo and indicated that the stimulation occurs through pathways that do not include the insulin receptor [10] . C peptide does not, however, stimulate muscle glycogen synthesis in isolated mouse muscle [11] . Recent data show that glucose transport in rat muscle and adipose tissue can be Diabetologia (1999) 
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) glucose utilization increased considerably and no statistically significant C-peptide effects were observed. About 85 % of the increase in glucose utilization induced by C peptide could be blocked by treatment with N-monomethyl-l-arginine. Conclusions/interpretation. Physiological concentrations of homologous C peptide stimulate whole body glucose utilization in diabetic but not in healthy rats. C peptide I and II elicit similar effects. The influence of C peptide on glucose utilization may be mediated by nitric oxide. [Diabetologia (1999) 42: 958±964] Keywords Insulin action, diabetes mellitus, euglycaemic clamp, C peptide, nitric oxide. stimulated by NO through a pathway that is different from both the insulin-dependent and the contractionactivated mechanisms [12, 13] . Our aim was to determine whether physiological plasma concentrations of homologous C peptide increase whole body glucose utilization using the euglycaemic clamp technique in streptozotocin (STZ)-induced diabetic and healthy rats in the awake condition and to examine, on a preliminary basis, if such an effect is diminished by treatment with an NO synthase inhibitor.
Animals and methods
Animals. Male Wistar rats (n = 83) weighing between 190±230 g were used for the study. Animals were housed in individual cages in a room maintained at 23°C with an alternating 12-h light/dark cycle, where they had free access to standard diet and water. The rats were anaesthetized with an i. p. injection of 50 mg/kg sodium pentobarbital. The right jugular vein and the left carotid artery were then exposed and isolated through a middle neck incision. Thin silasitic catheters were introduced and secured with a silk ligature. The free ends of the catheters were attached to the short segments of steel tubing and tunnelled subcutaneously around the side of the neck to the top of the skull where they were threaded through a skin incision to the exterior. After patency was checked, the catheters were flushed with 300 ml of 0.9 % NaCl solution containing heparin (40 U/ml) and then 500 m l sodium penicillin G (10,000 U/ml) was injected. After penicillin injection, STZ (55 mg/kg body weight, Sigma, St. Louis, Mo., USA) was injected i. v. for the diabetic rats and citrate buffer was given for the control rats. The catheters were then filled with a viscous solution of 50 % polyvinypyrrollidon (PVP K-30, Nacalai, Tesque, Kyoto, Japan) and capped. The rats were then allowed to resume normal behaviour. Animal care conformed with the standards set by the ªPrinciples of Laboratory careº (NIH publication no. 85±23, revised 1985) and the ªGuidelines for animal experimentationº (Nagoya University 1988).
Euglycaemic insulin clamp technique. The animals were allowed to recover from surgery for at least 5 days. The clamp studies were then done in the morning after a 16-h overnight fast. Throughout the study, the rats were allowed to move freely within a large cage. The PVP solution was aspirated from the catheter, and the venous catheter was then used for the infusions of glucose (20 %), insulin (Actrapid MC, Novo Nordisk, Bagsvaerd, Denmark), C peptide or saline by infusion pumps (STC-521, Terumo, Tokyo, Japan). The rat C peptide I or II (infusion rate: 0.05 or 0.5 nmol × kg ±1 × min
±1
) had a purity greater than 99 % by HPLC (Genosys, Cambridge, UK). Saline was given instead of C peptide in the control study. The blood samples for glucose (25 m l per sample) and hormone (0.5 ml) determinations were drawn from the arterial cannula. The total blood loss during the experimental procedure did not exceed 1.5 ml. In the diabetic rats the blood glucose concentrations were lowered to 7.8 mmol/l and then clamped at this concentration with periodic adjustment of the glucose infusion rate. In the clamp studies, the insulin infusions were given at rates of 3.0 (low-dose, 0±90 min) and then 30.0 (highdose, 90±180 min) mU´kg ±1´m in ±1 . During the euglycaemic clamp, blood glucose concentrations were measured every 10 min and the euglycaemia of diabetic and normal rats was maintained at around 7.7 ± 0.3 mmol/l and 3.9 ± 0.1 mmol/l, respectively. All of the infused glucose was considered to be taken up by body tissues and under these steady-state conditions of euglycaemia and hyperinsulinaemia, glucose input is equal to glucose utilization. The glucose disposal rate (GDR) in mmol´kg ±1´m in ±1 was calculated every 10 min during the clamp study. Metabolic clearance rate for glucose (MCR, ml´kg ±1´m in ±1 ) was then obtained from GDR divided by the corresponding blood glucose concentration. The GDR and the MCR from 60 to 90 min for the euglycaemic clamp procedure were regarded as indices of insulin action in peripheral tissues, since a plateau glucose infusion rate was achieved during this time, as reported previously [14, 15] . In a final group of rats N-monomethyl-l-arginine (l-NMMA, Calbiochem-Novabiochem, Nottingham, England) was infused (1 mg × kg ±1 × min ±1 ) in diabetic rats together with C peptide I (0.05 nmol × kg ±1 × min
) during low-dose insulin infusion according to the same protocol as described above. In addition, an infusion of adenosine (1.5 mmol × kg ±1 × min ±1 , Sigma) was given together with l-NMMA and C peptide in a subgroup of animals. The dosage for l-NMMA and adenosine were expected to be sufficient to effect NO-synthase inhibition [16] and elicit vasodilatory effects [17] .
Analytical methods. Blood glucose concentrations were determined with a YSI 23 A glucose analyser (Yellow Spring Instrument, Yellow Springs, Ohio, USA). The samples for plasma insulin and C-peptide determination (0.5 ml) were obtained just before insulin and C-peptide infusion and immediately at the end of the low-dose and the high-dose insulin clamps, respectively. Plasma insulin concentrations were determined by radioimmunological technique (Phadeseph Insulin RIA, Pharmacia AB, Uppsala, Sweden). Plasma C-peptide concentrations were assayed using an enzyme-linked immunosorbent assay (ELISA) [18] . In the assay the first tracer was biotinylized rat C peptide and the second tracer was streptavidin labelled by horseradish peroxidase by Yanaihara Institute, Shizuoka, Japan. The measurements were done with a homologous antibody.
Statistical analyses. All values were expressed as means ± SEM. The concentrations of plasma glucose, insulin and C peptide and the GDR and the MCR were compared between normal and diabetic rats with unpaired Student's t test. A one-way analysis of variance (ANOVA) was used to evaluate the differences in GDRs and MCRs in the presence or absence of C peptide and in concentrations of C peptide before and after C-peptide infusion in the clamp procedure. When significance was established, the difference between individual groups of data was tested for significance using a Fisher's PLSD test. P values less than 0.05 were considered significant.
Results
Body weight, blood glucose, plasma insulin and Cpeptide concentrations. Body weight, blood glucose and plasma insulin concentrations before and after the clamp procedure are shown in Table 1 . Basal blood glucose concentrations were significantly higher in the diabetic rats compared with the normal controls but the basal plasma insulin concentrations of the diabetic rats showed a considerable decrease, as expected. During the clamp studies, the glucose concentrations in the diabetic rats were maintained at 7.7±7.8 mmol/l and those in the normal rats were kept at the basal concentrations. During the low-dose and the high-dose insulin clamp procedure, steady state plasma insulin concentrations were not significantly different between the diabetic and the normal rats. The basal C-peptide concentrations of the diabetic rats were significantly lower than those of the normal rats (Table 2 ). During C-peptide infusion (0.05 nmol´kg ±1´m in ±1 ) in the diabetic rats, the concentration of the peptide increased to 2.8±3.7 nmol/l with similar concentrations being reached with infusion of C peptide I and II. Similar conditions were obtained during C-peptide infusion into normal rats except that C-peptide concentrations continued to increase during the high-dose glucose clamp, reaching concentrations of approximately 6±7 nmol/l (Table 2). C peptide I and II infusion at 0.5 nmol × kg ±1 × min ±1 resulted in concentrations of approximately 50 nmol/l with similar concentrations for C peptide I and II.
Glucose disposal rate. The average GDRs for the last 30 min during the low-dose and the high-dose insulin infusion rates are shown in Table 3 . Because a plateau glucose infusion rate was achieved (Figs. 1, 2) GDR was used as an indicator of the whole-body glucose utilization. At the insulin infusion rate of 3.0 mU × kg ±1 × min ±1 in the diabetic rats, the dosage of 0.05 nmol´kg ±1´m in ±1 of C peptide I and II resulted in similar and pronounced increases in GDRs (C peptide I: 
Values are means ± SEM. The number of rats is shown in parentheses. a Indicates a p < 0.05 vs healthy, b indicates a p < 0.001 vs healthy. t, time points as measured from blood Table 2 . C-peptide concentrations before and immediately after the euglycaemic clamp procedure at the low-dose (0±90 min; ) compared with diabetic rats infused with saline (62 ± 6 mmol × kg ±1 × min ±1 , p < 0.001) (Fig. 1) , respectively) compared with rats infused with saline (p < 0.001), the increments being similar to those observed during 0.05 nmol × kg ±1 × min ±1 infusion of C peptide I or II (Fig. 2) . In the high-dose insulin clamp studies, infusion of 0.05 or 0.5 nmol × kg ±1 × min ±1 of C peptide I and II tended to increase the GDRs but not significantly so (Table 3 ). In the normal rats, infusion of 0.05 or 0.5 nmol × kg ±1 × min ±1 C peptide I or II did not increase GDRs either during the low-dose or the high-dose insulin clamp studies (Table 3) . Table 3 . Glucose disposal rate (GDR) for the last 30 min during the eulycaemic clamp procedure at the low-dose (0±90 min, 3.0 mU × kg ±1 × min ±1 ) and the high-dose (90±180 min, 30.0 mU × kg ±1 × min ±1 ) insulin infusion (5) 136.0 ± 7. Metabolic clearance rate for glucose. In the low-dose insulin clamp studies, the diabetic rats treated with the infusions of 0.05 nmol × kg ±1 × min ±1 of C peptide I and II showed significantly higher MCRs (C peptide I: 18.0 ± 2.8 ml × kg ±1 × min ±1 ; C peptide II: 16.1 ± 2.1 ml × kg ±1 × min ±1 ) than those of the diabetic rats given saline (8.0 ± 0.8 ml × kg ±1 × min ±1 , p < 0.001). Likewise, animals treated with infusions of 0.5 nmol × kg ±1 × min ±1 of C peptide I and II also showed significant increase in MCRs but of a similar magnitude as during the 0.05 nmol × kg ±1 × min ±1 C-peptide infusions (Table 4 ). In the low-dose insulin infusions, the MCRs of the diabetic rats, which were stimulated by C peptide I or II, reached similar concentrations as the healthy rats. No effects of C-peptide treatment were seen on MCRs in healthy rats during the low-dose or the high-dose insulin clamp studies (Table 4) .
N-monomethyl-l-arginine. Studies involving simultaneous infusion of l-NMMA and C peptide showed that approximately 85 % of the increase induced by C peptide in GDR during low-dose insulin treatment could be blocked by l-NMMA (Fig. 3) . In an attempt to overcome possible circulation-related reductions in GDR, adenosine was co-infused with C peptide and l-NMMA, but this did not result in a change in GDR beyond the findings for l-NMMA and C peptide alone (Fig. 3) .
Discussion
The primary finding of our study is that physiological concentrations of homologous rat C peptide I or II have the capacity to greatly augment whole-body glucose disposal and MCR for glucose in STZ-diabetic rats. The animals were C peptide negative at the outset of the study (Table 2 ) and during infusion of the C peptide the concentrations increased to 2.8±3.5 nmol/l, values within the physiological range. This increase in concentration of C peptide was accompanied by an 80±90 % increase in GDR and a 100±125 % increase in MCR (Tables 3, 4) . In contrast, no effects on either GDR or MCR could be seen in healthy rats. When the C-peptide infusion rate was increased and higher C-peptide concentrations were reached, no further effects were seen in the diabetic rats.
The effect observed on whole-body glucose utilization is most likely a consequence of direct stimulation by C peptide of muscle glucose utilization. This is supported by the previously observed in vivo stimulation of forearm muscle glucose uptake by C peptide in Type 1 diabetic patients both at the rest and during exercise [3, 19] . In addition, measurements in vitro of glucose uptake stimulated by C peptide by muscle from healthy subjects and from patients with Type I diabetes indicate a direct stimulatory effect through pathways other than the insulin receptor [10] . An inhibitory effect of C peptide on hepatic glucose production is theoretically possible but it appears less likely since hepatic effects of C peptide have not been reported. In addition, C-peptide infusion in healthy subjects fails to inhibit splanchnic glucose output (Wahren, unpublished observation). Nevertheless, an inhibitory effect of C peptide on hepatic glucose production in the diabetic state cannot be ruled out. A renal effect of C peptide on glucose turnover is unlikely; C peptide is known to diminish glomerular hyperfiltration and urinary protein excretion in diabetic animals [20] and in Type I diabetic patients [2, 4] but does not increase glucosuria.
These findings support and extend the results from a previous study in which supraphysiological concentrations of human C peptide were found to augment GDR in anaesthetized diabetic but not in normal rats [21] . In that study the specificity of the C peptide effect was established by the finding that a peptide with the same amino acid residues as C peptide, which had been assembled in random order, had no effect on GDR or MCR [21] . Infusion of homologous C peptide to physiological concentrations in Type I diabetic patients results in a stimulation of wholebody glucose utilization by 20±25 % [2] . In clinical studies involving C-peptide treatment for 1 month, however, no clear-cut effect on blood glucose concentrations were seen [4] , indicating that the C peptide's effect on glucose utilization may be less pronounced in humans than in the rat. Consistently no further stimulation of glucose utilization has been observed when C-peptide concentrations are increased above the physiological range and no effects of C peptide observed in healthy subjects or animals [3, 21] . There is no immediate explanation for this but it is compatible with the hypothesis that C peptide receptors on cell membranes are relatively few and show high affinity binding, thereby reaching saturation at low C-peptide concentrations. Experimental support for this formulation has recently been obtained with the finding of specific binding of C peptide to cell membranes, showing saturation of binding in the low nanomolar concentration range [22] . The rat's two different C peptides differ only in the two amino acids in the middle segment of the molecule [9] . When C peptide I and II were given in separate experiments their effects with regard to stimulation of glucose utilization were found to be almost identical (Tables 3, 4 ). This agrees with previous observations , n = 5), l-NMMA only (n = 5) or C peptide + l-NMMA + adenosine (1.5 mmol × kg ±1 × min ±1 , n = 5), respectively. *p < 0.02 Adenosine that C peptide I and II exert similar effects on the Na + ,K + ±ATPase activity of renal tubular segments [7] . Evidence from studies of isolated muscle tissue in vitro show that the stimulatory effect of C-peptide on glucose transport by muscle is independent of insulin; blockade of the insulin receptor does not diminish muscle glucose uptake induced by C peptide [10] . Several studies both in vitro and in vivo have shown that muscle glucose transport can be stimulated by NO and that NO-synthase in its neuronal and endothelial isoforms are expressed in skeletal muscle [12, 13, 23, 24] . Moreover, C peptide is reported to stimulate NO-synthase of aortic endothelial cells [8] .
Prompted by these considerations we examined the influence of l-NMMA, a known inhibitor of NO-synthase, on stimulation of whole-body glucose utilization induced by C peptide in the present group of diabetic rats (Fig. 3) . The results indicate that a major proportion, if not all of the C-peptide stimulation of glucose utilization, occurs through a NO-mediated pathway. This effect on glucose utilization is most likely independent of possible vascular effects of l-NMMA, since it is also observed in isolated muscle tissue under in vitro conditions [23] . This view is further supported by the findings for combined l-NMMA and adenosine treatment (Fig. 3) , in which adenosine treatment served to elicit compensatory vasodilation to correct for l-NMMA-induced reductions in blood flow. Nevertheless, our findings regarding C-peptide and l-NMMA effects on glucose utilization should be regarded as preliminary.
